The role of cheliped autotomy in the territorial behavior of the freshwater prawn Macrobrachium lar was analyzed to determine whether or not prawns modified their defended territory size based on cheliped autotomy. Territory size measurements were recorded for captive prawns interacting in artificial tank habitats and were logged according to the locations where agonistic encounters occurred and aggressive pressures were equal. All prawns used in this study were mid-intermolt males in the size class 9.0 6 1.5 cm, with staged encounters occurring under three treatment conditions in which fully intact prawns were matched against animals possessing no chelipeds, one cheliped, or two chelipeds (fully intact). Separate experiments for each condition were completed with four prawns per tank per 14-day trial and were run a total of three times each. The defended territory size mean for the Control prawns (matched only against other intact animals) did not differ significantly from one quarter of the total tank area. The mean territory sizes for prawns within or between each treatment condition was significantly different. Prawns with one or two chelipeds autotomized each defended significantly smaller territories than other male prawns of equal size, but with both chelipeds intact. Our results show that the presence of chelipeds allowed the defense of larger territories compared with the territories defended by prawns with one or both chelipeds autotomized.
INTRODUCTION
Crustacean chelipeds play an important role in agonistic encounters between conspecifics (Salmon and Hyatt, 1983) , as shown in several studies on crayfish (Schroeder and Huber, 2001; Stocker and Huber, 2001) . Cheliped usage during these agonistic interactions has also been linked to the establishment of dominance hierarchies in crayfish (Guias xu and Dunham, 1999; Gherardi and Daniels, 2003) . However, some decapod crustaceans do not require mutual physical contact during agonism, as cheliped display patterns sometimes are more important in agonistic and aggressive interactions (Mariappan et al., 2000) .
While chelipeds are versatile organs of offense and defense, this usage makes them vulnerable for autotomy (Mariappan et al., 2000) . Even though limb autotomy can sometimes provide an antipredatory benefit by distracting the predator during initial escape (Wasson et al., 2002; Davis et al., 2005) , the event can leave crustaceans vulnerable during future agonistic encounters (Smith, 1992) .
Autotomy can also affect effective territory defense. Territoriality is the prolonged occupancy of a portion of the home range and its defense against intrusions by other individuals of the same species (Stimson, 1973) or different species (Leiser, 2003) . The boundaries between these territories are established and defended effectively with the use of aggression and display (Adams, 1998) . Not restricted to crustacean taxa, territorial and spatially-related forms of fighting have been found in a broad array of taxonomic groups (Wilson, 1975) .
The model organism used in our study was the male freshwater prawn Macrobrachium lar Fabricius, 1798, in which territoriality is pronounced. This prawn has distinctive chelipeds which are long and slender but still maneuverable and coordinated. The chelipeds extend outward in front of the rostrum in normal resting posture, conveniently positioned for homochelous defensive and offensive behaviors that facilitate successful territory defense.
The locations where cheliped-mediated agonistic encounters occur can provide important clues about the configuration of territories defended by M. lar. During preliminary observations, we observed M. lar using chelipeds to maintain territorial perimeters. Adams (1998) demonstrated that aggressive pressure occurs at these boundaries, thereby demarcating the territories being defended. Similarly, we compared the positions of territorial boundaries formed by agonistic interactions among M. lar, and focused specifically on the role of cheliped autotomy that modulated these territorial boundaries, i.e., the size of the territories. We hypothesize that territory acquisition and defense by M. lar is inversely related to the degree of cheliped autotomy.
METHODS

General Methods
The model organism M. lar is distributed from the east coast of Africa to the central Pacific islands (Murphy and Austin, 2005) and occurs in the freshwater streams and rivers of Guam in the Mariana Islands (Leberer and Nelson, 2001; Paulay et al., 2003) .
For our study, all M. lar were collected March through October, 2003, from a 40 m section along the length of the Pigua River in Merizo, Guam. Only adult male M. lar in the size class 9.0 6 1.5 cm (measured from the rostrum tip to the end of the telson) and in mid-intermolt were retained; all others were released. During each trial, male prawns were carefully size-matched to within 0.5 cm of one another. Collected prawns were introduced immediately into the experimental tank (with filtration and aeration) at the University of Guam Marine Laboratory.
Observations during this study indicated that intermolt duration for M. lar is only slightly longer than 14 days. However, it was important to insure that no ecdysis occurred during the 14-day measurement intervals in any group, because crustaceans have been shown to alter their behavior after molting (Hazlett et al., 1974; Tamm and Cobb, 1978) . It would be undesirable, but more likely, for ecdysis to occur during a longer measurement period, so experiments were confined to these 14-day periods which still provided enough measurements for sufficient power in our statistical analyses. While some attention has been given to the subtle variations in crustacean molt state (Reaka, 1975; Cromarty et al., 2000) , all M. lar individuals with hardened exoskeletons were deemed to be in equivalent molt state (mid-intermolt) in this study.
Experiments were conducted in shaded, sealed concrete tanks each measuring 41 cm deep 3 115 cm 3 185 cm. The water level of each tank was lowered to 16 cm following the introduction of M. lar. Reduced water level confined the territorial interactions of M. lar to the two-dimensional tank bottom.
A grid was marked on the base of the concrete tanks. This grid divided tank surface area into 851 squares measuring 5 cm 3 5 cm each, allowing 21,275 cm 2 of total surface area for territorial interactions to occur. The grid provided a stationary reference that was helpful in the quantitative description of established territories.
Four prawn lodges (5 cm diameter PVC pipe in 20 cm lengths) were placed symmetrically within each tank to provide shelter for each prawn during all experiments. In addition to providing shelter and safety, these lodges were intended to encourage the localization of each prawn within each respective quadrant on the grid, similar in function to the landmarks employed by Lamanna and Eason (2003) .
Floating food pellets were symmetrically distributed in the tanks and prawns competed for this resource, thereby inducing territorial encounters. This technique is consistent with previous findings that the presence of chemical food cues caused crayfish to initiate encounters with increased intensity compared to controls (Stocker and Huber, 2001) . In a similar way, food resource competition increased the frequency of agonistic exchanges in M. lar, and the position of these exchanges delineated territorial boundaries and the areas contained within the territory areas.
During these induced encounters, the following territorial behaviors were observed: lunging, chasing, and fleeing (Donaldson, 1981) . All behaviors that involved an advance of less than 5 cm were scored as lunging, all behaviors that involved an advance of more than 5 cm were scored as chasing, and all behaviors that involved a retreat of 5 cm or more were scored as fleeing. These three territorial behaviors were observed visually and logged according to location. The locations of agonistic behaviors were used only to delineate the boundary locations of adjacent territories and were not used in any quantitative sense to measure aggressiveness. Once boundaries were identified, territorial areas (in square centimeters) were determined. To quantify the territory sizes, we summed the areas of the 5 3 5 squares contained within the portions of surface area defended.
As with other decapod crustaceans, M. lar can autotomize limbs along anatomically defined autotomy planes. Some prawns used in our experiments were induced to autotomize chelipeds by the method of Skinner and Graham (1970) , in which forceps were used to immobilize the target appendage, causing the animal to release that appendage and move away. The present study followed the guidelines for the treatment of animals in behavioral research set forth by the Animal Behavior Society (available: www.animalbehavior. org). We also observed closely all provisions of the Animal Welfare Act (AWA), part 7 USC 2143 (a)(7)(A) of the United States of America.
Experimental Design
Animals were assigned randomly to one of three treatments, with the first treatment (T 1 ) having four prawns with both chelipeds intact, the second treatment (T 2 ) having four prawns: two with both chelipeds intact and two with one cheliped autotomized, and the third treatment (T 3 ) having four prawns: two with both chelipeds intact and two with both chelipeds autotomized. Figure 1 shows the spatial arrangements of prawns in all three treatment conditions (not to scale), but with grid lines and PVC prawn lodges omitted for clarity. After an initial 72 hours required for acclimation and formation of stable territories, defended territory sizes were monitored visually, quantified, and recorded. All three treatments contained four prawns per tank per 14-day trial (one 10-minute observation period per prawn per day). There were three replicates of each treatment.
Five anatomical states were identified: 1) intact prawns in T 1 , 2) intact prawns in the T 2 , 3) one cheliped automized prawns in T 2 , 4) intact prawns in T 3 , and 5) both cheliped automized prawns in T 3 . These five comparison states were labeled as: T 1 -2, T 2 -2, T 2 -1, T 3 -2, and T 3 -0, respectively, and represented the treatment and number of chelipeds present. As a control, we determined whether completely intact prawns (T 1 condition) defended areas equal to onequarter of the tank size. Because the intact prawns under T 2 conditions were matched against individuals with one cheliped autotomized, i.e., weaker opponents, the territory sizes for intact T 2 prawns (T 2 -2) were compared with those territory sizes for intact T 1 prawns (T 1 -2) to determine the effect (if any) of the weaker opponents. Similarly, because the intact prawns under T 3 conditions were matched against individuals with both chelipeds autotomized, i.e., weakest opponents, the territory sizes for intact T 3 prawns (T 3 -2) were compared with those territory sizes for intact T 1 prawns (T 1 -2) to again determine the effect (if any) of the weakest opponents. Next, the territory sizes for intact T 2 prawns (T 2 -2) were compared with those territory sizes for intact T 3 prawns (T 3 -2) to determine the effect (if any) of the different opponents under each experimental condition (one clawed opponents for intact T 2 prawns and no clawed opponents for intact T 3 prawns).
For more direct examination of the effect of cheliped autotomy on territory size, the territory sizes for intact T 2 prawns (T 2 -2) were compared with those territories for T 2 prawns with one cheliped autotomized (T 2 -1). Finally, the territory sizes for intact T 3 prawns were compared with those territories for T 3 prawns with both chelipeds autotomized, i.e., T 3 -2 vs. T 3 -0.
Statistical Methods Territory sizes were analyzed using a nested, repeated measures analysis of variance (ANOVA). The repeated factor was the fourteen measurements (one 10-minute observation period on each of 14 days) on each animal and animals were nested within number of chelipeds and tank. Statistical Analysis System (SAS) software, version 9.1 (SAS, 2002), was used for analysis. Least Square (LS) Means and Bonferroni tests were used in the mean separation when comparing cheliped groups, which allowed us to determine which territory size means were significantly different. Significance was declared at a ¼ 0.05.
RESULTS
The mean territory sizes for prawns within or between each treatment group was significantly different (F (4,25) ¼ 51.48 P , .0001). The mean defended territory size for the Control prawns under treatment condition 1 (T 1 ) was 5277 6 185 cm 2 and was not different from one quarter of the total tank area: 0.25 (21,275 cm 2 ) ¼ 5319 cm 2 . Figure 2 presents the Least Square Means for each comparison state as well as standard error. As shown in Fig. 2 , the mean territory size defended by prawns in the T 1 -2 experimental group differed significantly (P , .0001) from the other four experimental groups. Intact prawns in the T 1 and T 2 conditions defended Fig. 1 . Various treatment conditions employed during experiments. T 1 -having four prawns with both chelipeds intact; T 2 -having four prawns: two with both chelipeds intact, and two with one cheliped autotomized; T 3 -having four prawns: two with both chelipeds intact, and two with both chelipeds autotomized. significantly different (P ¼ .0016) mean territory sizes. Likewise, the intact prawns in the T 1 and T 3 conditions also defended significantly different (P ¼ .0022) mean territory sizes. In contrast, intact prawns in the T 2 and T 3 conditions did not differ significantly (P ¼ 0.9058) in mean defended territory size. However, prawns with one or both chelipeds autotomized defended significantly smaller (both P , .0001) areas than prawns with both chelipeds intact. While there was some variation in territory size defended for every animal in every treatment, no significant temporal trends were detected.
DISCUSSION
The Control group prawns (both chelipeds intact under T 1 ) in this study were shown to defend variable territory sizes (5277 6 185 cm 2 ) within and among groups. Despite some variability in territory sizes defended by Control group prawns, there were no statistically-significant differences.
Prawns subject to single cheliped autotomy from treatment condition T 2 defended significantly decreased territory sizes (4093 6 225 cm 2 ) compared with intact prawns also from T 2 (6309 6 225 cm 2 ). Prawns subject to double cheliped autotomy from treatment condition T 3 defended significantly decreased territory sizes (3363 6 225 cm 2 ) compared with intact prawns also from T 3 (6271 6 225 cm 2 ), as well. Because chelipeds are versatile organs of offense and defense (Mariappan et al., 2000) and are important in determining the outcome of agonistic encounters (Donaldson, 1981; Stocker and Huber, 2001) , single or double cheliped autotomy resulted in less successful territory defense due to reduced ability or complete inability to display, thereby confirming our prediction.
Conclusions based on most of our pair-wise comparisons were consistent with Adams' (1998) findings that animals with greater fighting ability exerted greater pressure that tends to push territorial boundaries towards weaker conspecific neighbors. In M. lar, our results show that the defense of larger territories was possible because of the use of intact chelipeds. When chelipeds were lost via autotomy, this resulted in reduced resource holding potential which was observed as decreased territory sizes defended. Even though cheliped autotomy has an antipredatory function, there remains the demonstrated territory loss following autotomy shown in this study. While the simultaneous benefit and detriment associated with autotomy may seem somewhat paradoxical, prawns are benefited by avoiding predation first and defending territory second. While prawns that have survived near predation may defend smaller territories, they are still alive and able to regenerate their lost chelipeds relatively rapidly (Seidel, 2005) , which will likely facilitate territory reacquisition at a later time.
While Juanes and Smith (1995) have demonstrated ecological consequences following limb loss in decapods, our findings in regard to reduced territory size due to cheliped autotomy might prove important in aquaculture settings because autotomized animals could likely be cultured at higher densities than intact animals. Future studies involving the investigation of territoriality in M. lar (or another crustacean) might examine territory reacquisition following ecdysis.
